ite (X Mg ϭ 1.0) and (ii) an unusually Fe-rich (X Mg ϭ 0.82) Ni-bearing [ϳ3000 parts per million (ppm)] San Carlos olivine (12) . For the wadsleyite diffusion experiments, we synthesized two samples of wadsleyite in multianvil experiments and characterized them by optical microscopy, x-ray diffraction, and electron microprobe analysis. In one case, single crystals of olivine (X Mg Ϸ 0.9 and ϳ3000 ppm of Ni) from the Troodos ophiolite complex in Cyprus were transformed to wadsleyite of the same composition at 15 GPa and 1250°C; crystals in the form of (010) plates, with dimensions of 150 to 220 m and containing occasional (010) twins, were obtained. The second sample was synthesized by transforming synthetic olivine powder (X Mg Ϸ 0.82 and Ͻ100 ppm of Ni) at 16 GPa and 1800°C to polycrystalline wadsleyite with an average grain size of 60 to 100 m. 7. The crystals were prepared for diffusion experiments by polishing surfaces (which were approximately perpendicular to [010], in the case of the single crystals) with a diamond polishing compound (0.25-m grit size). Gold was used as the sample container because it is mechanically weak and prevents the crystals from being stressed or damaged during pressurization; also, unlike Pt, Au does not react chemically with the sample to cause a loss of Fe. The sample container was prepared by drilling a 250-m-diameter hole in a Au wire that is 1 mm in diameter; the samples were placed together in this hole with the polished surfaces in contact. The capsule was closed by deforming the Au to obtain a cylinder with a length of 1 mm and a diameter of 1 mm, with the sample located at the center.
edge length was used as the pressure cell. A cylindrical LaCrO 3 heater with a stepped wall thickness was used to minimize thermal gradients. Temperature was measured with an axially located W3%Re/ W25%Re thermocouple and was controlled to Ϯ1°C during experiments that had durations of up to 24 hours. High pressure was generated using eight 32-mm cubic WC anvils with corners truncated to an edge length of 8 mm. Pressure was calibrated at 1000°C using phase transformations in SiO 2 , Fe 2 SiO 4 , and Mg 2 SiO 4 with an uncertainty of 0.5 GPa. After pressurization, temperature was raised to the desired value at a rate of 100°C/min; after the diffusion anneal, samples were quenched to Ͻ300°C in ϳ1 s. Because the distance between the thermocouple and sample was ϳ0.5 mm (Fig. 1 ), temperature errors due to thermal gradients are likely to be Ͻ20°C. 315 (1993) .] 9. Oxygen fugacity is estimated by assuming that the Au capsule maintained a closed system and that the volume change of the samples on compression was negligible. Given the volume and composition of olivine, the free energy of the system is minimized to obtain the equilibrium oxygen fugacity [see R. Dohmen, S. Tables (Government Printing Office, Washington, DC, ed. 3, 1971)] yield f O 2 ϭ 10 -8 to 10 -9 bars, which is about an order of magnitude lower than that of the wüstite-magnetite buffer at 1400°C and 15 GPa. Uncertainties in this estimate are mainly of consequence when comparing results of this study with data from previous studies at 1 bar (Fig. 2B) . 10. Analyses were performed with Cameca SX-50 (Bayreuth) and JEOL 8900 RL (Köln) electron microprobes. Standards were silicates and oxides, and beam conditions were 15 kV and 15nA with counting times of 20 s. 11. For the polycrystalline wadsleyite, detailed element mapping was performed to define the boundary conditions under which diffusion occurred. Results show that contributions from grain boundary diffusion in the polycrystalline material (Fig. 1) Data from recent oceanographic cruises show that phytoplankton community structure in the Ross Sea is related to mixed layer depth. Diatoms dominate in highly stratified waters, whereas Phaeocystis antarctica assemblages dominate where waters are more deeply mixed. The drawdown of both carbon dioxide (CO 2 ) and nitrate per mole of phosphate and the rate of new production by diatoms are much lower than that measured for P. antarctica. Consequently, the capacity of the biological community to draw down atmospheric CO 2 and transport it to the deep ocean could diminish dramatically if predicted increases in upper ocean stratification due to climate warming should occur.
Climate models (1) indicate that over the next half century, the Southern Ocean carbon (C)cycle will change dramatically in response to rising atmospheric CO 2 . Increased precipitation is predicted to intensify surface ocean stratification, thereby decreasing the downward flux of C and reducing the capacity of the Southern Ocean to take up anthropogenic CO 2 . The biological response to the predicted changes in ocean dynamics is poorly understood. Here we present results from the oceanographic program Research on OceanAtmosphere Variability and Ecosystem Response in the Ross Sea (ROAVERRS), cruise NBP96-6 (2) , that show how increased stratification in the Ross Sea would affect phytoplankton community structure and CO 2 and nutrient drawdown in the Ross Sea. Three spatially distinct phytoplankton assemblages (3) dominated the the Ross Sea during 1996 -97, with phytoplankton community structure varying as a function of the depth of the mixed layer. The assemblage with the widest distribution and highest biomass of chlorophyll a (Fig. 1A ) was dominated by Phaeocystis antarctica and extended from the Ross Ice Shelf northward to 75°S (Fig. 1B) . Mixed layers in the P. antarctica-dominated region were typically 25 to 50 m deep (Fig. 1C) and were relatively weakly stratified (Fig. 2) . Although seawater density is controlled primarily by salinity at the low temperatures typical of this region (-1.85°to 2°C), the vertical structure of seawater temperature (4) mirrored that of density. P. antarctica phytoplankton dominated in the more deeply mixed waters because of their ability to maintain near-maximal photosynthetic rates at much lower irradiance levels than do diatoms (69 and 121 mol of photons m -2 s -1 , respectively, during this study). Diatoms, primarily the pennate form Nitzschia subcurvata, were dominant farther north and west and in Terra Nova Bay, where recent sea ice melt resulted in mixed layers (5 to 20 m) that were both much shallower (Fig.  1C ) and more strongly stratified (Fig. 2) 
A small near-shore cryptophyte bloom also was observed in the upper 20 m of the water column within the coastal polynya (area of open water surrounded by sea ice) between 76.0°S and 76.5°S (Fig. 1B) . Because of the small number of stations at which cryptophytes dominated, they have been excluded from further discussion.
Waters dominated by diatoms and P. antarctica differed markedly with respect to their nutrient drawdown characteristics. In general, phytoplankton remove N and P from the environment in molar ratios near the Redfield ratio (N:P ϭ 16). Disappearance ratios calculated from the slope of nitrate (NO 3 ) plotted against phosphate (PO 4 ) for the entire ROAVERRS NBP96-6 data set (14.9 Ϯ 0.45) are consistent with Redfield uptake kinetics (Table 1 and Fig.  3A) . However, when samples dominated by either diatoms or P. antarctica were analyzed independently, a different pattern emerged. Disappearance ratios of NO 3 :PO 4 were significantly different (P Ͻ 0.001) for these two phytoplankton taxa (Table 1 and Fig. 3B ): The ratio for P. antarctica (19.2 Ϯ 0.61) was nearly twice as high as that for diatoms (9.69 Ϯ 0.33). In samples with a mixed phytoplankton assemblage, the NO 3 :PO 4 disappearance ratio was intermediate between these two extremes. Furthermore, the plot of NO 3 versus PO 4 concentration shows that the maximum standing crop attainable by the two phytoplankton taxa would be determined by the availability of different nutrients-NO 3 in the case of P. antarctica and PO 4 for diatoms. Because pre-bloom nutrient concentrations were uniform throughout the Ross Sea (as indicated by the intersecting lines in Fig. 3B ), the variation in disappearance ratios reflected taxonomic differences in nutrient drawdown and not chemical differences in the water masses where each taxon dominated.
Phaeocystis antarctica and diatoms also exhibited different ratios of C to nutrient drawdown. For example, the disappearance ratio of total dissolved inorganic C (TDIC) to PO 4 was significantly higher (P Ͻ 0.001) for P. antarctica (147 Ϯ 26.7) than for diatoms (94.3 Ϯ 20.1) ( Table 1 ). Assuming that any reduction in TDIC was a result of drawdown of CO 2 by phytoplankton, then the ROAVERRS NBP96-6 data suggest that for every mole of PO 4 removed from the water column, P. antarctica took up 56% more CO 2 than did diatoms. In contrast, the disappearance ratio TDIC:NO 3 was higher for diatoms (9.23 Ϯ 1.66) than for P. antarctica (7.81 Ϯ 1.32), although the difference was not statistically significant (at the 95% confidence level). The TDIC:NO 3 disappearance ratio for diatoms also was significant- shows all ROAVERRS NBP96-6 samples, including those with mixed phytoplankton populations containing both diatoms and P. antarctica, and (B) shows samples in which diatoms and P. antarctica overwhelmingly dominated the phytoplankton population, accounting for Ͼ85 and Ͼ90%, respectively, of total phytoplankton biomass.
ly higher (P Ͻ 0.001) than their ratio of cellular particulate organic C to particulate N (POC: PN) (6.37 Ϯ 0.36), which suggests either that 31% of the C fixed by diatoms was released as dissolved organic C (DOC) or that a similar percentage of their total N requirement was being satisfied by a source other than NO 3 . DOC has been reported to be unusually low in the Ross Sea (6), accounting for only about 11% of total fixed C, which indicates that DOC production was not the cause of the observed difference between the TDIC:NO 3 disappearance ratio and the cellular POC:PN ratio in diatoms.
Although N metabolism was not assessed during ROAVERRS cruise NBP96-6, indirect evidence suggests that the use of other N sources by diatoms is the likely explanation for the difference between the TDIC:NO 3 and POC: PN ratios. First, concentrations of NH 4 , the likely supplemental N source, were as high as 1.1 M (mean ϭ 0.14 Ϯ 0.18 M) in waters dominated by diatoms, probably the result of zooplankton grazing. This inference is supported in diatom-dominated waters by the relatively high concentrations of chlorophyll degradation products (phaeophorbides) that are indicative of grazing (7). Second, the disappearance ratio for Si(OH) 4 :NO 3 , expected to be 1 for diatoms living exclusively on NO 3 , was only 0.47 Ϯ 0.03 (n ϭ 56). This low value suggests that regeneration of N was proceeding at rates much greater than that of biogenic silica (8) and that the diatoms were using this recycled N, either because it is energetically favored over NO 3 (8) or because diatoms had a diminished capacity to take up NO 3 because of iron limitation (9) . Finally, accounting for the presumed NH 4 uptake by diatoms yields a disappearance ratio of (NH 4 ϩ NO 3 ):PO 4 (14.1) that is closer to the Redfield ratio than to the NO 3 :PO 4 disappearance ratio.
In contrast to waters dominated by diatoms, those dominated by P. antarctica exhibited a TDIC:NO 3 disappearance ratio (7.81 Ϯ 1.32) that was nearly identical to their POC:PN ratio (7.71 Ϯ 0.53). This result indicates that the N requirement of P. antarctica was being satisfied entirely by NO 3 . Rates of nutrient regeneration and recycling appear to have been much lower in these waters than in the diatom-dominated waters of the Ross Sea. Rates of daily production were similar between these two phytoplankton assemblages, averaging 1.33 Ϯ 0.64 and 1.35 Ϯ 0.63 g of C m -2 d -1 for P. antarctica and diatoms, respectively. However, because of the nearly complete reliance of P. antarctica on new N sources, the amount of production available for export out of the upper ocean was 43% greater when the phytoplankton community was dominated by P. antarctica (1.33 g of C m -2 d -1 ) than when dominated by diatoms (0.93 g of C m -2 d -1 ). Although transient changes in the Redfield ratios of phytoplankton are commonly observed in systems that experience depletion of one or more nutrients (10), large taxonomic differences in nutrient drawdown ratios were not expected in the Southern Ocean, where inorganic macronutrients are almost always in ample supply. Taxonomic variation in NO 3 :PO 4 disappearance ratios can be explained by differences in N dynamics between diatom and P. antarctica assemblages, but taxonomic differences in TDIC:PO 4 disappearance ratios are not as well understood (they may result from different P requirements). Nevertheless, taxonomic differences in C:P uptake ratios have important implications for climate models that include biology. In such models, it is generally assumed that CO 2 is drawn down by phytoplankton in constant proportion to the removal of PO 4 until PO 4 is exhausted (1). The ROAVERRS NBP96-6 data imply that these models underestimate CO 2 drawdown wherever the spring phytoplankton bloom is dominated by P. antarctica, which has a TDIC:PO 4 disappearance ratio 40% higher than the Redfield C:P ratio. Should the community shift from P. antarctica to diatom dominance in response to enhanced upper ocean stratification or some other environmental factor, then the CO 2 drawdown estimated from the C:P ratio would drop by 36%. 
